The binding of dihydrostreptomycin to ribosomes and ribosomal subunits of a number of different Escherichia coli strains was studied, and the Mg2+ and pH dependence, as well as the effect of salts and polynucleotides, was determined. The only requirement for binding with ribosomes and subunits from susceptible strains was 10 mm Mge. Monovalent salts weakened the binding in a manner similar to the effects on ribonucleic acid secondary structure, and this was antagonized to some extent by increased amounts of Mg2+. Bound dihydrostreptomycin could be readily exchanged by streptomycin and any antibiotically active derivative, but not by fragments of the antibiotic or any other aminoglycoside. With native (run-off) 70S ribosomes from streptomycin-susceptible strains, the binding was rapid and relatively temperature independent over the range from 0 to 37 C. Polynucleotides did not stimulate the binding. With concentrations of dihydrostreptomycin up to 10-5 M, greater than 95% of native 70S ribosomes bound exactly 1 molecule of the antibiotic tightly, with a KdiS, for the bound complex at 25 C of 9.4 X 10-8 M. The following thermodynamic parameters were found for the binding with 70S ribosomes at 25 C: AG0 = -9.6 kcal/mole, AH°= -6.2 kcal/mole, and AS0 = + 11.4 entropy units/mole. Differences in affinity for the antibiotic were found between ribosomes of K-12 strains and those of other E. coli strains. There was insignificant binding to 70S ribosomes or subunits from streptomycin-resistant or -dependent strains, and to 50S subunits from susceptible strains. The binding to 30S subunits from susceptible strains was weaker by an order of magnitude than that to the 70S particle, with a Kdi,, at 25 C of 10-6 M. Polyuridylic acid stimulated this binding slightly but did not influence the affinity of the bound molecule. At antibiotic concentrations above 10-5 M, streptomycin-susceptible 70S and 30S particles bound additional molecules of the antibiotic, and binding also occurred to ribosomes from streptomycin-resistant and -dependent strains, as well as to 50S subunits from all strains. Kdi8, for all of these binding equilibria were > 10-4 M. This weaker nonspecific binding coincided with the beginning of aggregation phenomena involving the particles, and occurred at sites distinct from the single site which binds the antibiotic tightly. This latter site was completely lost after the one-step mutation to highlevel resistance or dependence.
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In addition, the following prototrophic, SMS strains were used: E. coli B (Hershey), E. coli W (Davis), E. coli C (Bertani), E. coli 15, and Salmonella typhimurium LT-2 (Demerec).
Growth of bacteria. Bacteria were generally grown in 50-or 100-liter batches in a fermentor at 37 C with forced aeration, and the harvested cell paste was stored frozen at -60 C. The growth medium contained, in grams/liter: K2HPO4, 10; KH2PO4, 0.5; NaCl, 3 Ribosome and subunit preparations. Two types of ribosome preparations arbitrarily designated as "native" and "purified" were used, as well as purified preparations of ribosomal subunits.
(i) Native ribosomes were prepared by a modification (9) of the procedure of Nirenberg and Matthaei (29) . The final ribosomal pellet was resuspended in buffer (10 mm tris[hydroxymethyl]aminomethane
[Tris]-hydrochloride, pH 7.8, 10 mm magnesium acetate, 50 mM KCl) at 400 to 500 A260 units/ml (25 to 31 mg/ml), dialyzed overnight against buffer at 3 C, and stored at -60 C. On zone centrifugation, the particle distribution displayed by these preparations is greater than 95% as 705 ribosomes and subunits, with less than 3% in the polysome region. They therefore appear to be predominantly run-off or reassociated 70S ribosomes. The subunits are almost exclusively 50S particles as a result of incomplete sedimentation of the 30S subunits present, and they averaged 8% of the total particles present (range, 5 to 11%) in a number of preparations.
(ii) Purified ribosomes were prepared by the (NH4)2SO4 procedure of Kurland (22) , modified in that only two successive (NH4) 2SO4 fractionations and one centrifugation through 0.6 M (NH4) 2SO4 were done. The final ribosomal pellet was suspended and stored as described above (i). This preparation, although free from polysomes, displayed a greater percentage of free subunits (20 to 30%) on zone sedimentation in 10 mM Mg2+, and again, as with the native ribosomes, the 50S subunits were predominant.
(iii) Ribosomal subunits were prepared on a small scale (up to 20 mg) by zone centrifugation as described previously (9) . Larger-scale preparations (up to 500 mg) were made in a B-IV zonal rotor (Spinco model L4 centrifuge) .The subunits were harvested by centrifugation for 12 hr at 42,000 rev/min (Spinco 42 rotor), resuspended, and stored as above (i). The overall yield averaged 60% with less than a 2% crosscontamination of subunits.
3H-DSM preparation. 3H-DSM was prepared by sodium borohydride reduction of SM by a modification of the procedure of Kaplan et al. (21) . SM sulfate, 75 mg (0.103 mmole), was dissolved in 0.67 ml of water in a 15-ml conical centrifuge tube, the pH was adjusted to 8.0 with 7 ,liters of triethylamine, and the contents were cooled in an ice bath. Sodium 3H-borohydride, 1.2 mg (0.032 mmole; specific activity, 3 .26 Ci/mmole), was dissolved in 0.12 ml of cold 10 mm triethylamine and added to the SM solution with stirring; the reaction mixture was allowed to come to 25 C. After 10 min, the temperature was raised to 37 C for an additional 10 min. The reduction at this point was more than 95% complete as judged by the maltol test for SM (3) . Then 0.15 ml of 3 M NaBH4 was added to complete the reduction. After 10 min, the reaction mixture was chilled in an ice bath, the pH was adjusted to 1.5 with 45 ,liters of 1 N H2SO4, and the 3H-DSM sulfate was precipitated by the rapid addition of 10 ml of cold methanol. The product was collected by centrifugation in the cold, washed twice with 5-ml portions of cold methanol, and dissolved in 3 in the text, and containing up to 4 A260 units of ribosomes, were quickly filtered with suction, and the filter was washed with three 5-ml portions of cold assay buffer. The filter was then dried and bound radioactivity was determined. At least two blanks, with ribosomes omitted, were carried through the entire procedure. With the usual concentration of 3H-DSM used in the incubations (-3 X 10-6 M), the blanks averaged about 40 counts/min above background, or less than 0.1% of the input, and the amount bound to ribosomes was of the order of 1 to 10% of the input.
At 0.1 mm 3H-DSM, the blank was about 1,000 counts/ min above background. The above sampling procedure from incubation mixtures incorporates a 13-to 15-fold dilution in various experiments, which causes some dissociation of the ribosome-3H-DSM complex. By diluting in cold assay buffer and filtering within a few seconds, this dissociation is limited to 4% of the complex.
Contrary to the original report (28) 
RESULTS
General characteristics of 3H-DSM binding. In Fig. 1 for the binding of 3H-DSM, and its concentration dependence is shown in Fig. 2 . Optimal binding to the 70S ribosome was obtained in the range of 7 to 10 mM Mg2+; for the 30S subunit, this was shifted to a slightly higher range of 10 to 20 mM Mg2+. The optimal range for binding to the 30S subunit is identical to that reported previously (20) . There was no requirement for the presence of polyamines. Neither spermidine nor putrescine, either alone or in various combinations at any concentration tested, could completely replace the Mg2+ requirement (Table 1 ). However, it was possible to spare part of the Mg24 requirement with certain combinations of these two polyamines. The combination used in the bottom line of Table 1 is that found by Likover and Kurland (personal communication) to be optimal in suppressing the miscoding of amino acid incorporation induced by SM in the presence of poly U and SMs ribosomes. The 3H-DSM binding found with this combination is very close to that found with a molar equivalent of Mg2+ alone. No combination of polyamines and Mg2+ has yet been found which produces a binding greater than that found with the optimal levels of Mg2+ alone.
(ii) Dependence on pH. Over the pH range from 3.0 to 9.0, there were two regions where the binding of 3H-DSM was optimal (Fig. 3 ).
Between these two regions was a trough, with minimal binding obtained at pH 6.2. No further investigation has been made of the lower of these at the three temperatures studied varied from 0.84 to 0.88 molecule of 3H-DSM bound/ribosome, with the aveiage value from a large number of determinations being 0.84 i 0.03 molecule/ribosome. This plateau value, as well as the further values obtained in this study by use of the filtration assay, was obtained with only a single correction applied to the raw experimental data-that to correct for the nonquantitative binding of ribosomes and subunits to the nitrocellulose filter (see Materials and Methods).
The difference between the binding of 0.84 molecule/ribosome and the expected integral value of 1.0 is the result of two other factors: the presence in the 70S ribosome preparation of an average 8% contamination of 50S subunits which do not bind 3H-DSM under these conditions, and the dilution step in the filtration assay which lowers the binding by 4%. When these two factors are taken into account, the binding is raised to 0.96 molecule of 3H-DSM/ribosome, and thus only 4% of the 70S particles do not bind the antibiotic. (36) showed that ribosome aggregation occurs within this pH region, and, as will be shown subse- 3 .4 X 10-6 M 3H-DSM (1.88 X 105 counts/min), and magnesium acetate or polyamines as specified. After incubation at 25 C for 15 min, 2.5 ml of cold assay buffer was added and the mixture was carried through the filtration assay. The binding of 1 molecule of 3H-DSM/ribosome = 10,900 counts/min. Fig. 4 is the lack of an absolute requirement for either K+ or NH4+, at least above 1.5 mm, the lowest concentration tested. This finding contrasts with the requirement of 50 to 100 mm K4 or NH4+ for optimal ribosomal activity in polypeptide synthesis (39) .
Requirements for 3H-DMS
(iv) Polynucleotides. There does not exist a requirement for any polynucleotide (poly U, phage R17-ribonucleic acid [RNA] or transfer RNA) for 3H-DSM binding to native 70S ribosomes. These findings contrast to the reported strong poly U dependence for 3H-DSM binding to the 30S subunit (20) . We have confirmed that poly U stimulates the binding to the 30S subunit, although the magnitude of this effect in our observations is a much smaller one than that reported (see below). A similar effect holds for purified 70S ribosomes. However, in both of these cases, the requirement for poly U is not an absolute one, but rather is related to the kinetics of binding as detailed in the following paper (5) .
Exchange of bound 3H-DSM and the specificity of the binding. Ribosome-bound 3H-DSM can be readily exchanged with unlabeled DSM, as has already been shown for the 30S-3H-DSM complex (20) . This exchange reaction provided a very sensitive test for examining the antibiotic structural requirements and specificity for binding. The approach was to allow the 70S-3H-DSM complex formation to proceed until equilibrium was attained, after which a large excess of a second, unlabeled compound was added and the displacement of 3H-DSM from the initial complex was determined. The results with a number of SM-related antibiotics and molecular fragments are presented in Table 2 . The upper part of Table 2 gives the results with compounds which have all been shown to have at least some SM-like biological activity. They were all capable of achieving the theoretical exchange of 3H-DSM from the 70S complex. Small differences in the biological activity of these antibiotics as compared with DSM were not revealed in this test owing to the large excess of the unlabeled compound present. In the lower part of counts/min), and assay buffer. After incubation at 37 C for 10 min, the reaction mixtures were chilled in an ice bath.
Step 2, exchange step: 10,uliters of an appropriate solution of the compound to be tested was added to 0.1 ml of the step 1 reaction mixture. After incubation at 37 C for 10 min, 1.4 ml of cold assay buffer was added and the mixture was carried through the filtration assay. 3H-DSM concentration dependence for binding. The concentration dependence on 3H-DSM for its binding is given in Fig. 6 for native 70S ribosomes from SMW and SMR strains. Over the 2H-DSM concentration range of 5 X 10-8 to Fig. 9 ). The failure to achieve the expected theoretical binding with the 30S subunit is associated with an instability of this subunit (42) , and this will be treated in greater detail in the following paper (5). The assay mixtures were the same as those described in Fig. 1 for 70S ribosomes from SMR and SMD K-12 10 . ox 10-7 strailns, respectively, and these values agree rea-_ sonably well with values of 0.26 mm (SMR) and -0.1 mM (SMD) for ribosomes of these phenotypes reported recently (31) . The affinity of the 70S ribosome for DSM is therefore reduced about 1,000-fold for both the SMR and SMD phenotypes. There is, however, a question as to the X 10-7 (l0)c specificity of the DSM binding that is found with X 10-7 (7) ribosomes of these phenotypes, because it occurs with the same affinity as the binding of additional molecules of DSM (those beyond the initial 1 molecule/ribosome) to SMS-70S ribosomes, and, as indicated in Table 4 , a binding of DSM of similar affinity takes place on the 50S ribosomal subunit. In this latter case, a phenotypic determinant for SMs is not present, suggesting that the binding is nonspecific.
Scatchard plots for the binding of 3H-DSM to the 30S subunit from SM5 ribosomes from a K-12 strain are shown in Fig. 9 for a pair of equilibrium dialysis experiments. Kdi88 at 25 C in both cases was found to be 10-1 M, and the binding is therefore weaker by a factor of 10.6-fold than the binding to the corresponding 70S ribosome. The same relationship holds true for 30S and 70S particles from strain B of E. coli.
Since all of the determinations with SM5 ribosomes indicate the tight binding of a single molecule of DSM, the values of n in the Scatchard plots should be near unity. For the results reported in Table 4 , the values ranged from 0.76 to 0.97, with an average of 0.82. After application of the corrections as indicated previously, the average value of n becomes 0.94. In this particular case, where only 1 molecule of ligand is bound, the value of n is therefore an indicator of the fraction of ribosomes binding the antibiotic. In the determinations of the binding to 30S subunits (Fig. 9) , n was found to be 0.76 and 0.79, which are the usual values obtained in the prolonged incubations with 30S subunits that occur in equilibrium dialysis assays. For determinations carried out by the filtration procedure, which involve much shorter incubations, n values in the range of 0.2 to 0.4 were found. In both procedures, the same value of KdI88 was obtained, but the differences in n reflect the differing fraction of 30S subunits which bind DSM under the two incubation times.
Temperature dependence of the binding equilibrium. A van't Hoff plot of -log Kdi8S against 1IT is shown in Fig. 10 , covering the temperature range of 3 to 25 C. The data values for Kdi88 were taken from Table 4 from equilibrium dialysis assays, but the actual temperature range over which the relationship holds extends to 37 C if the value from the filtration assay at 37 C with this strain is included (Table 4) . From the results of this plot and the equilibrium data at 25 C, the thermodynamic parameters AG', AH', and AS0 are derived as indicated in the legend to Fig. 10 . Under standard conditions, the reaction is spontaneous in the direction of binding of DSM, with a AG' of -9.6 kcal/mole, and both favorable enthalpic (AH' = -6. Effects of salts on the binding equilibrium. The influence of monovalent salts in decreasing the binding of 3H-DSM was indicated earlier in Fig.  4 . A more quantitative assessment was obtained from a series of equilibrium dialysis determinations of Kdi88 for the 70S-8H-DSM complex in the presence of various levels of KCI (Fig. 11) . The affinity of the 70S ribosome for DSM declined exponentially with increasing concentrations of KCI, as is evident from the increase in Kdj.8 . This decline in affinity can be suppressed to some extent, particularly at high concentrations of KCl, by increasing the concentration of Mg2+ present. These effects appear to be quite similar to the ability of monovalent salts and Mg2+ to influence the secondary structure of RNA (1) , and there may also be a direct or indirect influence on the subunit association equilibrium. They are also similar to the effects of these salts on SM action in vivo (12) . DISCUSSION Of prime importance is the delineation of the types of ribosomal binding of SM which are crucial to the various biological activities of this Table 4 for K-straini ribosomes (strain Q13, native 70S). The abscissa is the reciprocal of the absolute temperature, lIT, in degrees K. The thermodynamic parameters are calculatedfrom the value of Kdij8 (9.4 X 10-8 M) with the following equations (14) : AGO = -RTInKdj,,'-= -9.6 kcal/mole AH0 = (slope Fig. 10) Fig. 8 (right) . Native 70S ribosomesfrom straint Q13 were used, and the incuibation was at 23 C for 6 hr. those of the SMR or SMD phenotypes, and the concentration dependence of the binding is identical to that found for the inhibition of in vitro polypeptide synthesis with ribosomes from SMS strains (15, 38) . In contrast to the above, the second type of binding of DSM has a lowered affinity for the ribosome by about 1,000-fold or so, can involve the binding of many molecules of the antibiotic at numerous sites of similar affinity, and occurs to almost all kinds of ribonucleoprotein particles and to bacterial ribosomes irrespective of their SM phenotype. In fact, such binding has been found to the 80S ribosomes from eukaryotic tissues which do not possess SM sensitivity (unpublished data). The concentration dependence for this second type of weaker binding also correlates well with that involved in the in vitro inhibition of polypeptide synthesis with ribosomes from SMR and SMD strains (16, 38) .
Some suggestion as to the nature of the weaker, nonspecific binding of the antibiotic has come from unpublished light-scattering observations which indicate that this binding is associated with aggregation phenomena. Aggregation is initially apparent with ribosomal particles (3 x 10-7M) irrespective of their size (305, 50S, or 70S) or SM phenotype in the presence of 5 X 10-5M DSM, at which point from Fig. 6 about 20% of the particles have 1 molecule of DSM bound in the weaker linkage. Such aggregation had previously been observed with an ultracentrifuge at 0.62 mm DSM, the higher antibiotic levels required in these experiments being due to the low concentration of Mg2+ present (6) . The equilibria involved are rather complex and poorly understood at present. Aggregation is highly concentration-dependent upon both ribosomes and DSM, is strongly stimulated by the presence of divalent metal ions, polycations, and low pH, and is antagonized by neutral salts. All of these characteristics and their concentration dependence are nearly identical to the phenomenology associated with nucleic acid precipitability from solution (4, 7, 8, 24, 27) , and interactions with the ribosomal RNA may be the basis for the aggregation phenomena. These interactions are predominantly electrostatic in character, and it would appear that the divalent metals and polycations act as cross-linking agents between polynucleotide strands. This type of binding is therefore distinctly different from the tight binding of a single antibiotic molecule at a single site on an SMS ribosome. The binding of DSM demonstrated in this paper below pH 6 (Fig. 3) and the stimulation of DSM binding by several other aminoglycoside antibiotics (Table 3 (40) and 30S subunits (10) , particularly the latter, will dimerize. It might be suggested that the failure to obtain the binding of DSM to all of the 30S subunits (i.e., a binding of 1 molecule/subunit) is a consequence of this type of aggregation of a substantial fraction of the subunits to which the antibiotic cannot bind. No evidence for such dimerization greater than 1% has been found by either light scattering or sedimentation (unpublished data), and it is likely that the inclusion of 0.05 M KCl in the buffer for the assay has effectively suppressed dimer formation (10, 43) . The occurrence of the 30S subunit binding is due to other factors (5) .
The present finding that there is only one distinctive site for the tight binding of DSM on both the 305 subunit and 70S ribosome from SM8 strains is at variance with the published reports of Kaji and Tanaka (20; H. Kaji and Y. Tanaka, Fed. Proc. 28:865, 1969 ) that the 30S subunit can bind 1 molecule of DSM at 24 C, whereas at 37 C in the presence of poly U a second site for DSM is present with approximately the same affinity. They have also argued for the tight binding of 2 molecules of DSM to the 70S ribosome. A careful scrutiny of their more detailed report (20) suggests that the specific activity of the 3H-DSM may be underestimated by a factor of approximately two. If this is the case, then the corrected experimental observations are in reasonable accord with those presented here with the exception of the magnitude and interpretation of the poly U effect. Careful attention has been paid to establishing the specific activity of the several preparations of 3H-DSM used in the present study, and similar precautions have been taken with the numerous affinity determinations. It has been our consistent observation that 30S subunits at 25 C will bind DSM in the range of 0.2 to 0.3 molecule/subunit, and this level of binding has also been observed in Nomura's laboratory (personal communication). The less than theoretical binding is the result of the instability of the free 30S subunit in solution, with the greater binding at 37 C and in the presence of poly U reflections of a thermal activation of inactive subunits (42) , both aspects of which are considered in greater detail in the following paper (5).
For 70S ribosomes from an SM8-K-12 strain of E. coli at 25 C, Petitpas-Dewandre et al. (31) reported a Kdi88 value of 9.2 X 10-6 M for the DSM bound complex, an affinity which is close to 100-fold lower than the value of 9.4 X 10-8 M reported here for a similar preparation. The low specific activity of the 1"C{-SM used by these investigators, coupled with the use of a centrifugation assay for the bound complex, places a restriction on the accurate determination of Kdi.8 to somewhere between 10-6 and 10-5 M. For the weaker aggregative binding characteristic of SMR and SMD ribosomes, our affinity results agree quite well with their reported values.
The small difference in affinity for the aggregative binding of DSM between SMD and SMR ribosomes, in which the binding to the SMD phenotype appears to be tighter by a factor of two, confirms the report of Wolfgang and Lawrence (46) . We tend at present to attribute the slightly greater affinity of the SMD ribosome to a somewhat "looser" structure of the particle, which would expose more of the RNA polynucleotide chain to the aggregative binding. This "looser" structure also appears to (5, 42) . This difference in affinity of both particles may also be of importance in the bactericidal action of SM. If we assume a maximal intracellular level of DSM of 10-5 M and a maximal ribosome concentration of 2 X 10-5 M (from an assumption of 104 ribosomes/cell), it is clear from the reported Kdi55 values that at 37 C at least 90% or more of both 30S and 70S particles would have 1 molecule of DSM tightly bound. However, with an intracellular ionic strength of 0.4 or higher, with an intracellular Mg2+ level of 4 mm (25) , and under conditions of active growth and protein synthesis where the concentrations of free subunits and 70S ribosomes are greatly reduced, the effective Kdi.s for DSM binding to both 305 and 70S particles would be increased by at least an order of magnitude or more. For the 30S subunit, the effective Kdi,, would be 10-5M or greater, and the fraction of subunits binding the antibiotic would be 50% or less. Although there are uncertainties concerning this numerology, it suggests that the 30S subunit binding is an unlikely candidate to explain the bactericidal action of SM.
The two assay procedures used for the binding (nitrocellulose filtration and equilibrium dialysis) yield identical results, with the dialysis procedure taken as the standard and the filtration procedure the routine method of choice because of its ease of handling and adaptability. The latter procedure is limited only by the retentive capacity of the filter for ribosomal particles, with an upper limit being the accurate determination of a Kdit, of about 2 X 10-5 M. Coupled with the high specific activity of the 3H-DSM used here, we estimate that it would be possible to determine accurately a Kdij5 as low as 10-12M with this assay, and in fact it has been used in a study of 
